Material and Methods
Bacterial Strains.--For the in vivo and in vitro studies of the clearance of bacteria by mouse peritoneal macrophages, a strain of Vibrio cholerae Ogawa 161 was used (10) . Measurements of the changes in the rates of clearance of bacteria from the blood by the RES after injection of lipopolysaccharide were made using a strain of Escherixhia coli labeled with Pn. The method of labeling and technique employed for studying blood clearance rates have been described in detail by Benacerraf and coworkers (6) .
Lipopolysaccharide.--The same batch of lipopolysaccharide prepared from E. coli and supplied by Difco Laboratories was used throughout this work. Opsonization of Bact~r/a.--Sera used for opsonizing bacteria were obtained by cardiac puncture from normal and lipopolysaccharide-treated mice. For opsonizafion 0.1 ml. of the serum was mixed with 0.1 ml. of a 24 hour broth culture containing 5 X 109 bacteria/ml. The mixture was incubated at 37°C. for 15 minutes and then placed in ice. Before intraperitoneal injection the opsonized culture was diluted in saline such that each mouse received between 104 and 105 bacteria in 0.2 ml. of saline. For the in ~itro tissue culture experiments the final dilutions were made in medium 199 (11) .
In Vivo Clearance Studies.--Miee were injected intravenously or intraperitoneally with a known amount of lipopolysaccharide in 0.2 ml. of saline. At different times following the injection of endotoxin, 104 and I0 i bacteria in 0.2 ml. of saline were injected intraperitoneally into each of ten mice. Five of the mice were kiUed immediately and the remainder after 60 minutes. The peritoneal cavity of each mouse was then immediately injected with 1.5 mi. of saline and after partial withdrawal of I ml. and reinjection several times to insure adequate mixing, 1 ml. was finally withdrawn and placed in a tube standing in ice. The washings from each mouse were diluted i: 100 in saline and 0.I ml. of the diluent plated onto nutrient agsx. The difference in the bacterial count between the washings from mice killed at the start and after 60 minutes indicated the amount of bacteria phagocytosed and killed in that time. With each series of lipopolysaccharide-treated mice the rate of removal of the bacteria in normal mice was also studied. In Vitro Clearance St=dies.--The tissue culture methods employed in this work are essentially those described by Rowley and Whltby (5). For each dose-time point, groups of three to five normal or lipopolysaccharide-treated mice were injected intraperitoneally with 1.5 ml, of 199 medium. The abdomen was gently massaged and 1 mi. of the fluid withdrawn through a No. 19 needle and introduced slowly into a Porter/]ask containing a flying coverslip (12) . Counts on the number of ceils obtained by this means were quite consistent, varying from 1 X 106 to 5 X 106/ml. After allowing the macrophages to settleat 37°C. for30 minutes, the supernatant was removed and 1 ml. of fresh 199 medium containing 104 and 10 i bacteria was added. With each series of flasks containing macrophages, five control flasks containing no macrophages were similarly inoculated. The flasks were reincubated for 60 minutes and then placed in ice. At that time a count was made of the number of bacteria in the supernatan t of each flask, by plating a suitable aliquot onto nutrient agar. The difference between the number of bacteria in the supernatants of the control flasks containing no macrophages and the experimental flasks containing macrophages was taken to indicate the number of OPSONIN AND MACROPHAGE CHANGES ~'OLLOWING ENDOTOXIN bacteria phagocytosed by the ceils during the 60 minute period of incubation. A count of the total number of bacteria viable in the macrophages at the end of the incubation period could be obtained by removing the flying coverslip (known to cover ~ of the floor area of the flask), gently washing it in saline, and vigorously rubbing it on the surface of a nutrient agar plate.
The difference in the calculated number of bacteria taken up by the macrophages and the number of viable organisms at the end of the incubation period indicated the amount of intracellular killing. of bacteria (not previously opsonized) from the peritoneal cavities of mice at different times following the intravenous injection of different doses of lipopolysaccharide. Since normal mouse blood appears to lack a bactericidal mechanism (13, 14) any killing that takes place in the peritoneal cavity is assumed to be due to a cellular mechanism.
RESULTS

The Effect of Intravenous Injection of Lipopolysacckaride on the Removal of
From the results illustrated in Fig. 1 it is apparent that, following the injection of small doses of endotoxin (2 to 10 ttg.) there is a rapid increase in the removal of bacteria. Depending on the amount of lipopolysaccharide given, the maximum effect occurs from 2 to 6 hours after injection and falls back to normal 12 to 24 hours later. With the injection of larger amounts of lipopolysaccharide (25 to 50 #g.) there is an initial rise in the percentage of bacteria removed followed by a marked depression (Fig. 2) . The time of appearance and duration of the phase of low clearance is dependent on the dose of endotoxin injected. Following this, an increased removal is observed again and may remain high even 48 hours after the injection.
The changes in the percentage of bacteria removed in 60 minutes following the injection of lipopolysaccharide may reflect changes in the opsonic titre of the blood, since it has been shown that unless Gram-negative bacteria have been opsonized they are not phagocytosed (5) . The opsonizing property of sera from endotoxin-treated mice was measured as follows. At different times following the injection of lipopolysaccharide, groups of five mice were bled by cardiac punture, the blood pooled, and the serum collected. Bacteria were opsonized with the various sera and their removal from the peritoneal cavities of normal mice studied by the method previously outlined. The percentage removal of bacteria opsonized with serum from lipopolysaccharide-treated mice compared with the percentage removal of bacteria opsonized with normal mouse serum, indicated changes in the titre of serum opsonins in the mice injected with endotoxin. From Fig. 3 , it may be seen that the injection of lipopolysaccharide brings about a rapid rise in serum opsonins, the duration of this effect being dose dependant. Further evidence that an increase in serum opsonins leads to a more rapid removal of bacteria by phagocytic cells is shown by experiments on the clearance of P~-labeled bacteria by the RES before and after the intravenous injection of 10 #g. of lipopolysaccharide (Fig. 5) . The rate of clearance (K) of bacteria from the circulation of endotoxin-treated mice is significantly faster 4 to 6 hours after injection (when proliferative changes are unlikely to have occurred) when compared with the rate of clearance in normal mice.
Whilst in all other instances there appears to be good correlation between the increased removal of bacteria from the peritoneal cavity and the level of serum opsonins (Figs. 1 and 3) , it is apparent that with the decrease in removal observed soon after the injection of large doses of lipopolysaccharide, there is no corresponding fall in serum opsonins (Fig. 4) .
The injection of large doses of endotoxin may result in damage to the macrophage. To explore this possibility, phagocytosis of bacteria by peritoneal macrophages obtained from endotoxin-treated mice was studied in vitro.
In Vitro Studies on the Phagocytosis of Bacteria by Mouse Peritoneal Macrophages.--Macrophages were harvested from mice at different times following the intravenous injection of an amount of lipopolysaccharide known to produce a marked fall in the percentage of bacteria removed and killed within the peritoneal cavity. The bacteria were opsonized either with normal mouse serum or with serum obtained from mice 24 hours after the injection of 25 #g. of endotoxin. The results summarizing three separate experiments are presented in Table I . Bacteria opsonized with normal mouse serum, low in opsonic factors, are phagocytosed at a similar rate by macrophages from normal and lipopolysaccharide-treated mice. Using bacteria well opsonized by serum obtained from mice 24 hours after the injection of endotoxin, it was found that macrophages obtained from mice 6 hours after the intravenous injection of lipopolysaccharide phagocytosed bacteria more efficiently than normal macrophages. This difference could not be accounted for solely by an increase in opsonic factors. Counts on the number of bacteria viable in the cells at the end of the incubation period showed that in all cases 95 to 98 per cent of the bacteria phagocytosed had been killed.
The Effect of Intraperitoneal Injection of Lipopolysaccharide on the Removal of Bacteria from the Mouse Peritoneal
Cav/ty.--Numerous workers have reported that the intraperitoneal injection of endotoxin gives better protection against infection by intraperitoneal challenge than does intravenous injection. The removal of bacteria from the peritoneal cavities of mice following intraperitoneal injection of endotoxin was studied. The results of these experiments are given in Table II . Treatment with small doses of endotoxin gives rise to the same early and rapid increase in removal of the injected bacteria as observed following intravenous administration. With larger amounts of lipopolysaccharide the improved removal occurs later but is maintained over a longer period.
Comparison of the results obtained by intravenous and intraperitoneal injection of lipopolysaccharide show that, with the amounts of endotoxin used in these experiments there does not appear to be as marked a period of low clearance as is observed following intravenous injection of the same dose of endotoxin.
DISCUSSION
The results presented in this paper emphasize the importance of opsonic factors for the effcient phagocytosis and killing of bacteria by peritoneal macrophages. Following the injection of endotoxin there is a rapid rise in the titre of opson~ns in the blood of mice, which leads to an increase in removal and killing of bacteria by phagocytic cells within the peritoneal cavity, and also to a more rapid clearance of bacteria from the circulation by the reticuloendothelial system. The time of appearance, and duration, of this increase in titre of "nonspecific opsonlns" is dependent on the amount of lipopolysaccharide injected. Concomitant with changes in the humoral factors, the macrophages from endotoxin-treated mice appear to phagocytose bacteria, in the presence of increased serum opsonlns, more efficiently than macrophages obtained from normal mice.
The decrease in the percentage of bacteria removed from the peritoneal cavities of mice following the injection of large doses of lipopolysaccharide does not seem to depend on alterations in serum and cellular factors. Further experiments have suggested that the decrease in the rate of removal of bacteria may result indirectly from circulatory changes due to the shock condition produced by large amounts of endotoxin. It has been observed that shock induced in mice by various means, such as the intravenous injection of soluble antigen/ antibody complexes, and of serotonin, results in less efficient clearance of bacteria from the peritoneal cavity. The increased susceptibility of mice to infection following the injection of large doses of lipopolysaccharide noted by several worke~ (1, 2, 15 ) may perhaps be related to systemic changes in the animal at the time of challenge rather than to direct changes in the cellular defences.
It has been suggested that the marked hyperplasia of the RES, which occurs following the injection of endotoxin and which leads to a more rapid clearance of colloidal particles from the blood, may account in part for the increased resistance to infection. Indeed there appears to be some correlation between the increased phagocytic activity of this system and protection against various infectious agents (8, 16, 17) . However, since these proliferative changes in the RES are not apparent for many hours after the injection of endotoxin, an increased phagocytic activity due to proliferation of these elements is an unlikely explanation for the early changes in resistance of mice to infection following the injection of small doses of lipopolysaccharide. Evidence that hypero plasia of the RES may not always be associated with an increase in resistance to infection has been demonstrated by Howard and his associates (8) . They found that thorotrast, although producing marked proliferation of the phagocytic elements of the RES with an associated higher phagocytic rate, increased the susceptibility of mice to infection with Salmonella typhimurium, but increased the resistance of mice to infection with/~, coli. In contrast, lipopolysaccharide gives rise both to hyperplasia and increased resistance to Salmonella typhimurium infection. The differences between these results may reflect differences in the ability of these two agents to increase the level of serum opsonins. There is good evidence from the present work and other studies in progress that an increase in the opsonic titre of the blood will not only lead to an increased uptake of bacteria by phagocytic cells, but also to an increase in killing (18) . It has been demonstrated that the rate of clearance of E. coli from the blood of mice by the RES depends on the level of specific antibody as its rate-limiting factor (6) , and further evidence of the importance of opsonins for the phagocytosis of bacteria is stressed in the work of Whitby and Rowley (5), who found that serum opsonins were important for the uptake and killing of Gram-negative bacteria by mouse peritoneal macrophages. Liver perfusion studies have revealed that the clearance of bacteria from the perfusate is dependent on heat-stable and heat-labile factors present in normal serum (19) . The nature of these opsonins is not known though studies have suggested that some of the components of complement may act as opsonic factors (20, 21) . More direct evidence that heat-stable factors in serum, unrelated to specific antibody, could afford protection against infection, has been given by Jenkin and Rowley (22) . They found that previous treatment of Salmonella typhimurium with sera obtained from different species of animals would greatly alter the course of infection in the challenged mice. Sera obtained from different species varied greatly in their ability to afford protection, but in general the opsonizing capacity of the serum from any one species could be correlated with the natural resistance of the species to infection with this pathogen.
In similar studies on the varying degrees of resistance displayed by some ducks to a protozoan parasite Plasmodium lophurae, it has been shown that naturally resistant ducks possess factors in their serum unrelated to specific antibody, which could enhance the uptake and destruction of the parasite by macrophages. Sera obtained from ducks susceptible to this infection did not possess these properties (23) .
Thus one might tentatively conclude, as has already been suggested by Rowley (7) that the state of "non-specific immunity" obtained by treatment of the animal with Gram-negative endotoxins is dependent on two factors, an increase in the serum opsonins, and an increased capacity of the phagocytic ceils to take up and kill bacteria, the rate-limiting factor being changes in the opsonic titre of the blood.
SUMMARY
A study has been made of the changes in the opsonic properties of mouse serum and bactericidal activity of mouse peritoneal macrophages at different times following the injection of various doses of lipopolysaccharide. It has been found that changes in the percentage of bacteria phagocytosed and killed within the mouse peritoneal cavity in a given time could be correlated with changes in the opsonic titre of the serum. Macrophages harvested from the peritoneal cavities of mice injected with endotoxin appear to be more efficient in phagocytosing bacteria in the presence of serum opsonins than macrophages obtained from normal mice. The relative importance of these changes in determining an animal's resistance to infection is discussed.
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